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ABSTRACT 
Quantitative understanding of reproductive ecology is vital to the conservation 
and recovery of imperiled fishes. Atlantic Sturgeon (Acipenser oxyrinchus) and 
Shortnose Sturgeon (Acipenser brevirostrum) are endangered diadromous fish that range 
across the Atlantic Coast of North America. Historically, populations of both species 
were exploited for the black caviar trade range-wide. Although moratoria ended 
commercial harvest, populations are currently threatened by habitat degradation and 
alteration. This research represents an initiative to increase our understanding of 
reproductive behavior for both Atlantic and Shortnose Sturgeon by estimating adult 
population levels as well as the effects of environmental covariates on the initiation of 
spawning migrations in the Savannah River. 
We used generalized and linear mixed models to investigate the relationship 
between sturgeon migration behavior and water temperature and discharge within the 
lower Savannah River from January 2013 – May 2018. Throughout the duration of the 
study period, we detected six Atlantic Sturgeon attempt nine fall migrations (n = 918 
records), four Atlantic Sturgeon attempt eight spring migrations (n = 257 records), and 15 
Shortnose Sturgeon attempt 29 spring migrations (n = 3,542 records). Cues for initiation 
of migration, as well as spatial position within the river during spawning migrations, 
were species-specific. Depending on the species and index of spawning, we observed 
significance in both water temperature and the water temperature-discharge interaction. 
Traditionally, capture mark-recapture techniques are used to estimate sturgeon 
abundance. As a non-invasive alternative, we sampled Atlantic Sturgeon putative 
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spawning habitat within the Savannah River over 50 occasions (days) from August – 
November 2017 using the Hummingbird Helix 12 CHIRP-Mega-SI-GPS-G2N side scan 
sonar unit. We used N-mixture modeling within a Bayesian framework to estimate 
Atlantic Sturgeon abundance, as well as covariate significance in detection and 
abundance, using spatially and temporally replicated count data obtained from sonar 
recordings. We detected at least one Atlantic Sturgeon on each sampling occasion and 
estimated a maximum abundance between 35 – 55 individuals within the putative 
spawning area during the 2017 fall spawning season. Site average max depth was 
significant in predicting Atlantic Sturgeon abundance, and discharge had a significant 
negative effect on our ability to detect Atlantic Sturgeon using side scan sonar as a 
sampling gear. Routine standardized sampling using our methods will efficiently produce 
spawning stock estimates and provide insight regarding the effects of environmental 
covariates on spawner abundance seasonally. 
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GENERAL INTRODUCTION 
Diadromous species migrate between fresh- and saltwater environments at various 
life stages, and are among the imperiled fishes globally (Jonsson et al. 1999; Jelks et al. 
2008). Diadromous fishes are particularly vulnerable to extinctions due to their migratory 
behavior between systems, and roughly 18% of diadromous species worldwide exhibit 
some conservation concern (Jonsson et al. 1999). Three primary migration strategies exist 
within diadromous fishes: anadromy (anadromous), catadromy (catadromous), and 
amphidromy (amphidromous) (Myers 1949). Anadromous species are born in freshwater 
systems, move into marine environments during subadult life stages, and attempt 
freshwater spawning migrations for reproduction. Catadromous species are born in 
marine environments, but primarily reside in freshwater systems, and then attempt 
spawning migrations into marine environments for reproduction. Finally, amphidromous 
species use both marine and freshwater environments at some point in their life cycle, but 
movement between systems is not particularly associated with spawning. Approximately 
half of diadromous fish exhibit anadromous behavior, while the other half is split 
between catadromous and amphidromous behavior (McDowall 1999).   
Sturgeons (Actinopterygii: Acipenseridae) are among the most threatened species 
of diadromous fish; nearly every species in considered imperiled somewhere within its 
native range (Birstein 1993; Williot et al. 2002; Pikitch et al. 2005). Roughly twenty-five 
extant sturgeon species occur throughout inland seas and freshwaters of the northern 
hemisphere (Birstein 1993; Bemis and Kynard 1997; Pikitch et al. 2005). All living and 
fossil sturgeon records indicate distributions are closely associated with the Laurasian 
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land mass (North America and Eurasia). Currently sturgeon inhabit 9 biogeographically 
distinct provinces around the world, and number of sturgeon species in each province 
varies between 2-11 (Bemis and Kynard 1997; Billard and Lecointre 2000). Sturgeon 
populations were historically exploited for the black caviar industry, which targeted 
mature females prior to spawning. While harvest moratoria have reduced mortality in 
adult sturgeons (Boreman 1997; Bain et al. 2007), recent population declines are more 
associated with degradation or lack of access to spawning habitat (Auer 1996a; Jager et 
al. 2001; Liermann et al. 2012). 
Atlantic Sturgeon, Acipenser oxyrinchus (ATS), are a long-lived anadromous 
sturgeon species historically ranging across the Atlantic coast of North America in rivers, 
estuaries and marine environments from Florida, USA, to Newfoundland, Canada 
(Dadswell 2006). There is also evidence to suggest ATS inhabited the Baltic Sea during 
the Middle Ages (Ludwig et al. 2002). Shortnose Sturgeon, Acipenser brevirostrum 
(SNS), are typically referred to as amphidromous and co-occur with ATS in rivers and 
estuaries from the St. Johns River, Florida, USA, to the Saint John River, New 
Brunswick, Canada (Kynard 1997). ATS and SNS are considered periodic life history 
strategists with high fecundity, slow generation time, and low juvenile survivorship 
(Winemiller 2005).  
Listed as either threatened or endangered under the United States Endangered 
Species Act, ATS in North America are separated and managed as five distinct 
population segments (DPS): Gulf of Maine, New York Bight, Chesapeake Bay, Carolina, 
and South Atlantic (ASSRT 2007; Grunwald et al. 2008). The Gulf of Maine DPS is 
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listed as threatened, while all other DPS are considered endangered. The National Marine 
Fisheries Service developed a SNS recovery plan in 1998 that suggested SNS be 
managed as 19 DPS. The Shortnose Sturgeon Status Review Team later recommended in 
2010 that SNS should be managed as river specific populations within five distinct 
regional population clusters (Bahr and Peterson 2017). This management suggestion has 
not been implemented to date, and further monitoring efforts are necessary to identify 
both ATS and SNS migratory and reproductive activity in populations range-wide.  
ATS and SNS spawn in freshwater environments over hard substrate anywhere 
between the estuary and fall line. (Bemis and Kynard 1997; Kynard 1997). Due to the 
highly variable nature of sturgeon spawning behavior, it is crucial to obtain quantitative 
understanding of environmental conditions that initiate migrations as well as number of 
individuals attempting migrations that possibly contribute to spawning. That being said, 
our research sought to accomplish two objectives: 1) Identify environmental covariates 
significant in predicting initiation of migration and spatial location of ATS and SNS in 
the Savannah River, and 2) Estimate number of ATS located on putative spawning 
grounds as well as the environmental covariates significant in predicting ATS abundance 
and detection using side scan sonar as a sampling gear. 
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CHAPTER ONE 
Identifying environmental cues for Atlantic and Shortnose Sturgeon spawning 
migrations in the Savannah River 
INTRODUCTION 
Quantitative understanding of reproductive ecology is critical for the conservation 
and management of imperiled fishes (Allendorf 1988; Jonsson et al. 1999). Diadromous 
fishes have complex reproductive strategies that often require long dispersal events to 
access a variety of marine and freshwater habitats. Moreover, many diadromous fishes 
have evolved a ‘periodic’ life history strategy of large body size, slow growth, and late 
maturation (Winemiller and Rose 1992; Musick 1999). Accordingly, diadromous fishes 
are particularly vulnerable to numerous threats including overfishing, habitat alteration, 
and migration barriers (Jonsson et al. 1999; Limburg and Waldman 2009; Liermann et al. 
2012), and are disproportionately imperiled relative to other guilds of fishes (Leidy and 
Moyle 1998; McDowall 1999; Jelks et al. 2008). Diadromous sturgeons (Acipenseridae) 
are no exception; nearly every species is considered imperiled somewhere in its native 
range (Birstein 1993; Jonsson et al. 1999; Williot et al. 2002; Pikitch et al. 2005). While 
harvest moratoria have reduced mortality of adult sturgeons (Boreman 1997; Bain et al. 
2007), contemporary declines in most species are associated with reproduction—either 
degraded or inaccessible spawning habitat (Auer 1996a; Jager et al. 2001; Liermann et al. 
2012). Accordingly, range wide quantification of environmental cues that initiate 
spawning migrations, as well as location and size of spawning aggregations, will provide 
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information to the conservation and recovery of sturgeons (Collins et al. 2000a; Pollock 
et al. 2015) 
Atlantic Sturgeon (Acipenser oxyrinchus, ATS) and Shortnose Sturgeon 
(Acipenser brevirostrum, SNS) are anadromous or amphidromous, and inhabit estuarine 
or nearshore marine habitats before attempting riverine spawning migrations (Bemis and 
Kynard 1997; Billard and Lecointre 2000). ATS and SNS attempt migrations every 1-5 
years and 1-4 years, respectively (Billard and Lecointre 2000). Females of both species 
migrate less frequently than males due to the high energetic cost of egg production. Male 
SNS reach maturity between ages 2-11 and females between 4-18 (Dadswell et al. 1984; 
Bemis and Kynard 1997), while male ATS mature between 5-20 and females between 7-
30 (Smith 1985). Age at maturation increases with latitude for both species (Bemis and 
Kynard 1997; Kynard 1997). ATS in the northern Atlantic Ocean are separated into five 
distinct population segments (DPS): Gulf of Maine, New York Bight, Chesapeake Bay, 
Carolina, and South Atlantic (ASSRT 2007; Grunwald et al. 2008). The Gulf of Maine 
DPS is listed as threatened, while the others are listed as endangered. SNS have been 
considered endangered since the Endangered Species Preservation Act of 1966, and 19 
DPS were identified by the Shortnose Sturgeon Recovery Team in 1998. In 2010, the 
Shortnose Sturgeon Status Review Team later recommended that SNS be managed as 
river-specific populations separated into five genetically distinct regional population 
clusters due to SNS movement and genetic overlap between rivers (Miller 1972; 
Williams et al. 1989; Bahr and Peterson 2017).  
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Diadromous fishes respond to environmental cues indicating optimal conditions 
for egg deposition and survival of offspring. Seasonal variation in ATS and SNS 
spawning migrations occurs regionally: ATS populations in northern latitudes tend to 
migrate in spring, while individuals in southern populations exhibit fall or dual annual 
spring and fall spawning migrations (Balazik and Musick 2015; Smith et al. 2015; Ingram 
and Peterson 2016) Additionally, fall- and spring-run individuals may constitute 
genetically-distinct stocks on some rivers of the eastern US (Balazik et al. 2017; Farrae et 
al. 2017). SNS spawning migrations all occur between winter and spring, but variation 
exists in migration strategy and timing based on each population’s latitudinal location. 
Within seasons, the timing and intensity of spawning migrations can be influenced by 
environmental factors such as water temperature, river discharge, and photoperiod 
(Northcote 1982; Jonsson 1991). The associated migration strategy used by an individual 
sturgeon reflects energetic adaptations to environmental challenges such as distance to 
spawning grounds, river temperature, discharge, and physiological condition (Kynard 
1997).  
Although many studies have investigated riverine movement and spawning 
behavior of ATS and SNS (Buckley and Kynard 1985; Kieffer and Kynard 1993; 
O’herron et al. 1993; Balazik and Musick 2015; Smith et al. 2015; Ingram and Peterson 
2016), we know of no study that has quantified precise spawning cues for their migration. 
Accordingly, the goal of this study was to identify the relationships between abiotic 
variables and spawning migrations of ATS and SNS in the Savannah River of Georgia 
and South Carolina, United Sates. We sought to accomplish two objectives: 1) identify 
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temperature and discharge cues associated with spawning migration initiation, and 2) 
within spawning migrations, identify effects of temperature and discharge on spatial 
position (river kilometer) in the river. Diadromous fishes in the Savannah River are 
threatened by migration barriers and altered flow regimes from impoundments, as well as 
estuarine habitat degradation from the continued development of the Savannah River 
harbor (Winger and Lasier 1994; Collins et al. 2002). Quantifying spawning cues for 
sturgeon in the Savannah River can provide inference for system-specific conservation 
and represents an important step toward understanding reproductive ecology of these 
species throughout their range. 
METHODS 
The Savannah River forms the border between South Carolina and Georgia in the 
southeastern US. The upper Savannah River is impounded by five large reservoirs, but 
the lower 300 km remain undammed. There is little anthropogenic development along the 
Savannah with the exception of two nuclear power facilities; the Savannah River Site 
(Aiken County, SC) and Plant Vogtle (Burke County, GA). Further downriver sits the 
Savannah Harbor, a highly industrialized estuary impacted by dredging, intense shipping 
practices, and urbanization. The seasonal distribution and intensity of river flow is highly 
modified by hydrologic regulation form five successive reservoirs with the lowermost, J. 
Strom Thurmond Dam, providing the most direct impact. At river kilometer (rkm) 300, 
the New Savannah Bluff Lock and Dam (NSBLD) is the downstream-most barrier to 
diadromous fish movement and serves as the most likely spawning site of ATS and SNS 
in the Savannah River (Figure 1.1). 
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Figure 1.1. Map of the Savannah River, which serves as the border between South 
Carolina and Georgia. The zoomed portion reveals the lowermost undammed 300 km 
where the South Carolina Department of Natural Resources telemetry receiver array is 
located. USGS temperature and discharge stations as well as relevant landmarks are also 
shown along the Savannah River. 
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We monitored ATS and SNS movement up the Savannah River between January 
2013 and May 2018. Sturgeon were captured by agencies located in Georgia, South 
Carolina, Delaware, and New York, and were surgically implanted with Vemco V-12 or 
V-16 acoustic transmitters (Table 1.1). We obtained acoustic telemetry data from a
stationary array of 45 Vemco VR2W- 69 KHZ receivers maintained by the South 
Carolina Department of Natural Resources (SCDNR) Diadromous Fisheries Section 
(Figure 1.1). The receivers of interest begin at the NSBLD and are located roughly every 
5-10 rkm down the main stem of the Savannah River extending to the Savannah Harbor.
Data are retrieved at least twice annually. 
We used two complimentary analyses to accomplish our objectives. Firstly, we 
modeled the effects of temperature and discharge on the probability that an individual 
sturgeon would be engaging in a spawning migration on a given day. Secondly, within 
each individual’s spawning migration, we modeled daily effects of temperature and 
discharge on the spatial position (rkm) of individuals in the river. To do so, we first 
identified each individual’s daily location based on the most upstream detection each day. 
We then calculated a binary variable indexing whether or not each individual was 
engaging in a putative spawning migration based on its movement direction and position 
in the river. ATS detected above rkm 99 were considered to be attempting a spawning 
migration, while rkm 62 served as the migration threshold for SNS. These rkm locations 
were selected because, once ATS and SNS individuals cross the associated threshold, no 
individual of either species returned to downstream locations without further upriver 
movement, and individuals remained below their associated threshold during periods of 
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unlikely spawning. We used the migration indicator to represent a point in time in which 
an individual exhibited upstream movement towards spawning habitat; individuals 
moving downstream above their associated rkm threshold were not considered to be 
engaging in a spawning run.  
Table 1.1. Transmitted ATS and SNS detected on the Savannah River receiver array 
attempting migrations between January 2013–May 2018. Year of capture (YOC) and 
location of capture (LOC) are provided for each transmitted sturgeon. All rivers listed are 
in South Carolina. 
ID Species YOC LOC FL(mm) TL(mm) Weight (g) 
45673 SNS 2013 Savannah River 656 760 2043 
45701 SNS 2013 Edisto River 910 1015 7546 
45706 SNS 2011 Waccamaw River 880 1005 7264 
45889 SNS 2011 Great Pee Dee River 800 888 10260 
45893 SNS 2011 Great Pee Dee River 841 956 5920 
45962 SNS 2014 Savannah River 780 880 5221 
45964 SNS 2014 Savannah River 636 720 1625 
20369 SNS 2017 Waccamaw River 875 1004 7000 
23245 SNS 2015 Cooper River 950 1080 9000 
23246 SNS 2015 Cooper River 1040 1175 14000 
23544 SNS 2016 Savannah River 800 899 4200 
26318 SNS 2015 Savannah River 679 776 2280 
26329 SNS 2015 Savannah River 740 841 3900 
26341 SNS 2014 Savannah River 715 815 4000 
26342 SNS 2014 Savannah River 751 860 5000 
14381 ATS  NY Coast    
20473 ATS  DE Coast    
45334 ATS  GA Coast    
45947 ATS 2013 Savannah River 789 891 3405 
45960 ATS 2014 Savannah River 956 1084 6500 
46090 ATS 2011 Savannah River 1257 1447 17236 
22486 ATS  DE Coast    
25352 ATS  DE Coast     
25387 ATS  DE Coast    
26331 ATS 2015 Savannah River 1473 1684 NA 
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 To conduct analyses, we first obtained water temperature (°C) and river discharge 
(cubic feet per second, cfs) from two United States Geological Survey (USGS) stations 
located near rkm 42 and 95, respectively (Figure 1.1). We chose both stations based on 
availability of long term data. For the entire duration of the study period, discharge data 
contained only 13 days of missing observations and water temperature data contained 
only 40 days of missing observations. We modeled effects of temperature and discharge 
on both indices of spawning migration using mixed-effects models in the lme4 package 
of R version 3.3.4 (R Core Team 2018). We split data into three groups for separate 
analyses: fall-run ATS (May – November), spring-run ATS (Feb – May), and spring-run 
SNS (December – April). This was done because we expected the environmental cues to 
be different for each spawning season and species (e.g. falling vs. rising water 
temperatures). We included minimum daily temperature in the model for fall migrating 
ATS because we expect decreasing summer temperatures to cue migration (Smith et al. 
2014), while we used maximum daily temperature for SNS and spring migrating ATS 
because we expect an increase in winter temperatures to cue migration (Peterson and 
Bednarski 2013). We used maximum daily discharge in all models for analyses and also 
included an interaction effect between temperature and discharge.  
 We analyzed the binary indicator of a spawning migration as a random binomial 
variable in a generalized linear mixed model (GLMM) and river kilometer within the 
spawning migration using a linear mixed model (LMM). We included the migration 
indicator and rkm of the most recent detection as an offset to account for temporal 
autocorrelation in spawning phenology for our GLMM and LMM, respectively. All 
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models included random intercepts of individual identity to account for repeated 
measures of individuals, and random intercepts of years to account for non-independence 
of observations within years.  
RESULTS 
 Savannah River water temperature and discharge varied throughout the duration 
of the study period. High discharge events occurred in years 2013 and 2016 reaching 
maximum flows of 58,000 and 55,600, respectively. After 2016, maximum discharge 
never exceeded 14,200 cfs., and the lowest yearly average of 6,632 cfs. occurred in 2017. 
Water temperature followed typical seasonal variation, reaching minima of 5°C in the 
winter and maxima of 30°C in the summer (Figure 1.2). The coldest water temperatures 
occurred in 2014 (5.4°C) and 2018 (5.2°C), while the warmest temperatures occurred 
consecutively in 2016 (30.1°C) and 2017 (30.2°C). We observed maximum water 
temperatures consistently rise from 2013 – 2017. 
 Over the study period, we detected six ATS attempting nine fall migrations, four 
ATS attempting eight spring migrations, and 15 SNS attempting 29 spring migrations 
(Table 1.2). Six ATS and six SNS traveled 300 rkm to the NSBLD. Five SNS and two 
ATS reached locations between rkm 186-214, and four SNS and one ATS reached only 
between rkm 144-162. We present data only regarding ATS and SNS migrations and 
cannot assume spawning success during any portion of the study period. 
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Table 1.2. Migration statistics per year and season, including total number of detected 
sturgeon attempting a migration (Nm), date of first migration (Onset) and final departure 
(Dep.), as well as temperature (t, °C) and discharge (d, cfs) upon migration onset (to, do) 
and departure (td, dd). 
Year Season Species Nm Onset to do Dep. td dd 
2013 
Spring 
SNS 3 1/20/13 14.9 4470 3/17/13 15.6 6700 
ATS 0 - - - - - - 
Fall ATS 4 5/23/13 24.7 5890 9/29/13 23 10100 
2014 
Spring 
SNS 6 12/30/13 12.3 13800 3/29/14 14.4 16000 
ATS 0 - - - - - - 
Fall ATS 1 6/22/14 29.1 6090 7/13/14 27.3 7320 
2015 
Spring 
SNS 6 1/24/15 11.8 7370 4/1/15 16.7 9000 
ATS 1 3/25/15 16.3 11900 5/6/15 20 8300 
Fall ATS 2 7/5/15 27.5 7870 10/2/15 24.1 6180 
2016 
Spring 
SNS 5 12/5/15 14.9 27400 3/22/16 17.1 11500 
ATS 2 2/25/16 15.2 12000 4/28/16 22.6 7740 
Fall ATS 0 - - - - - - 
2017 
Spring 
SNS 6 12/22/16 12.7 6910 3/5/17 17 6630 
ATS 1 3/1/17 18.2 6890 4/22/16 24.7 6210 
Fall ATS 2 8/31/17 27 5080 11/14/17 17.2 5520 
2018 
Spring 
SNS 3 2/3/18 11.3 7570 4/1/18 18 6740 
ATS 4 2/20/18 17.8 6860 - - - 
Fall ATS 0 - - - - - - 
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 Spring-run SNS began their migrations between December and February at water 
temperatures between 11-15°C and river discharge from 4,470-27,400 cfs. Migrations 
began as water temperatures dropped to the winter low, leveled, and began to increase. 
Spring-run ATS initiated migration between February and March at water temperatures 
between 16-18°C and river discharge between 6,860-12,000 cfs. Spring-run ATS 
typically entered the system and immediately began upriver migrations when water 
temperatures began to exceed 15°C. Fall-run ATS initiated migration between May and 
August at water temperatures from 24-29°C and river discharge from 5,080-7,870 cfs. 
Individuals initiated migrations as summer high water temperatures leveled and began to 
decline (Figure 1.2). 
Figure 1.2. Savannah River water temperature and river discharge from January 2013–
May 2018 overlain with observed ATS and SNS spawning migrations for each season. 
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 Water temperature significantly affected the probability of migration for SNS (n = 
3,542 records) and fall-run ATS (n = 918 records), but not spring-run ATS (n = 257 
records). The main effect of discharge was significant only for SNS. However, the 
interaction effect of temperature and discharge was significant for fall migrating ATS, 
and nearly so for SNS. Notably, neither water temperature, river discharge, nor the 
interaction between the two significantly affected spring-run ATS (Table 1.3, Figure 1.3). 
Table 1.3. Generalized linear mixed model results for ATS and SNS populations 
attempting migrations up the Savannah River. 
Population Effect Parameter estimate Std. Error z-value p-value 
Spring SNS 
Intercept -3.93 0.36 -11.02 <0.001 
Tempmax -1.88 0.17 -10.80 <0.001 
Dischargemax 0.40 0.14 2.93 0.003 
Temp x DC 0.19 0.10 1.85 0.06 
Spring ATS 
Intercept -1.55 0.16 -9.51 <0.001 
Tempmax 0.08 0.19 0.42 0.672 
Dischargemax 0.03 0.25 0.13 0.895 
Temp x DC 0.31 0.25 1.26 0.207 
Fall ATS 
Intercept -4.35 0.72 -6.05 <0.001 
Tempmin 3.28 0.60 5.48 <0.001 
Dischargemax -1.31 0.70 -1.87 0.0621 
Temp x DC 2.64 1.12 2.36 0.0185 
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Figure 1.3. Generalized linear mixed model results for spring-run SNS, spring-run ATS, 
and fall-run ATS plotted against water temperature over time in the Savannah River. 
Model fitted values (GLMM FV) provide a probability of migration (Pm) for each 
spawning population over time  
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 Linear mixed model results indicate that, within putative spawning migrations, 
water temperature had a significant main effect on the longitudinal position (rkm) of 
spring-run SNS as well as fall-run ATS. The main effect of maximum water temperature 
on the spatial location of SNS was negative, while minimum water temperature had a 
significant positive effect on the spatial location of fall-run ATS. The temperature-
discharge interaction was not significant for spring-run SNS, spring-run ATS, or fall-run 
ATS (Table 1.4, Figure 1.4, Figure 1.5). 
Table 1.4. Linear regression model results for spring and fall spawning ATS and SNS in 
the Savannah River. Results estimate the effect of water temperature, river discharge, and 
the temperature-discharge interaction with the spatial location (rkm) of each sturgeon 
attempting migration. 
 
Population Effect Parameter estimate Std. Error t-value p-value 
Spring SNS 
Intercept 1.81 3.04 3.04 0.55 
Tempmax -10.91 2.52 -4.34 <0.001 
Dischargemax 1.75 3.04 0.57 0.57 
Interaction 1.98 2.73 0.73 0.47 
Spring ATS 
Intercept 40.94 25.10 1.63 0.10 
Tempmax -2.16 1.37 -1.58 0.11 
Dischargemax -41.547 27.99 -1.49 0.14 
Interaction 2.363 1.55 1.52 0.13 
Fall ATS 
Intercept -151.92 50.37 -3.02 0.003 
Tempmin 6.10 2.02 3.01 0.003 
Dischargemax -89.18 67.44 -1.32 0.19 
Interaction 3.81 2.77 1.38 0.17 
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Figure 1.4. Discharge and daily maximum river kilometer for each spawning population 
of sturgeon over time. Data presented was incorporated into linear mixed modeling and 
represents detections specifically obtained between initiation of migration and departure 
from upriver locations 
  
19 
Figure 1.5. Temperature and daily maximum river kilometer for each spawning 
population of sturgeon over time. Data presented was incorporated into linear mixed 
modeling and represents detections specifically obtained between initiation of migration 
and departure from upriver locations 
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DISCUSSION 
We observed patterns of putative spawning migrations by SNS and ATS in the 
Savannah River that were affected primarily by shifts in water temperature, and 
secondarily by discharge. Sturgeon began migrations at a specific range of temperatures, 
but within a wider range of discharge. However, within upstream migrations, extreme 
discharge events usually caused individuals to temporarily abandon upriver movement 
and travel downriver until discharge decreased. Many migrations occurred on the 
declining limb of the hydrograph, just after peak discharge. This suggests that the actual 
level of discharge is not as important as the variation in daily discharge within a preferred 
temperature range. However, cues for initiation of spawning migration, as well as spatial 
position within the river during spawning migrations, were species-specific. Moreover, 
inference on spring and fall-run ATS are limited by low sample size and should be 
interpreted in that context. Of course, observed movement patterns do not demonstrate 
successful spawning, although suitable spawning habitat exists in locations where both 
species were observed congregating, and young-of-year ATS and SNS are present in the 
lower Savannah River (Collins et al. 2000b; Bahr and Peterson 2016, 2017).  
Model results suggest water temperature was the predominant indicator of 
migration for spring-run SNS and fall-run ATS in the Savannah. Maximum water 
temperature had nearly five times the negative effect on SNS migration behavior than the 
positive effect of discharge. Discharge alone was not a significant predictor of migration 
behavior in spring or fall-run ATS. These results are similar to migration analysis of 
White Sturgeon (Acipenser transmontanus) in the Kootenai River, British Columbia, 
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which revealed that neither temperature nor discharge were significant for the onset of 
male White Sturgeon migrations; however, onset of female White Sturgeon migrations 
were primarily affected by water temperature and secondly by river stage (Paragamian 
and Kruse 2001). Because our dataset unfortunately does not contain sex information we 
are unable to draw such a comparison. In Black Lake, Michigan, effects of water 
temperature, discharge, and lunar phase all significantly impacted the initiation of Lake 
Sturgeon (Acispenser fulvescens) migrations as well as the timing of arrival at spawning 
sites (Forsythe et al. 2012). Further analyses regarding SNS and ATS migrations in the 
Savannah River should include a lunar phase covariate. Chinese sturgeon (Acipenser 
sinensis) in the Yangtze River, China, exhibit variation in timing of upstream migration, 
which can likely be attributed to variation in water temperature and river discharge, 
although it is suggested that temperature is the primary cue (Wang et al. 2012). Research 
on Gulf Sturgeon (Acipenser oxyrhynchus desotoi) in the Choctowhatchee and Suwanee 
Rivers in Alabama and Florida suggests water temperature initiates migration and flow 
patterns have no effect on migration behavior (Foster and Clugston 1997; Fox et al. 
2000), although previous research on Gulf Sturgeon in the Suwanee River indicates 
migratory activity is highly correlated with increases in river discharge (Chapman and 
Carr 1995). While our models suggest discharge was not significant in the spatial position 
of fall-run ATS and spring-run SNS and ATS, Forsythe et al. (2012) found a decrease in 
the number of Lake Sturgeon individuals attempting migrations during periods of high 
discharge. This was attributed to increased physiological cost of migration at high flows, 
as well as a lower probability of egg fertilization and deposition on spawning substrate 
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during high flow conditions (LaHaye et al. 1992; Auer 1996b; Paragamian and Wakkinen 
2002). Overall, sturgeon exhibit a variety of migratory behavior in response to changes in 
temperature and discharge, and the primary factors contributing to migration behavior 
can be different in each study and river system. Although research strongly suggests 
temperature is a predominant indicator of spawning season, there is much more to be 
answered regarding the effects of discharge on sturgeon migration behavior.  
 Our data reveals two separate spring and fall spawning migrations for ATS in the 
Savannah River. It is widely accepted that fall spawning populations of ATS exist in the 
southern extent of its range (Balazik et al. 2012; Ingram and Peterson 2016), while dual 
spawning populations have been described in rivers north of the Savannah River (Collins 
et al. 2000c; Balazik and Musick 2015). Genetically distinct populations of spring and 
fall migrating ATS exist in the Edisto (SC) and James (VA) rivers (Balazik et al. 2017; 
Farrae et al. 2017). South of the Savannah River in the Altamaha River, ATS exhibit two 
migration strategies, the first being a 2-step migration in the spring and the second a 
single one step migration in the fall; however, both strategies leave individuals on 
putative spawning grounds during the fall, and all individuals are believed to be part of 
one single spawning population (Ingram and Peterson 2016). We did not observe spring-
run ATS attempt a 2-step migration pattern in the Savannah River. All ATS that 
attempted spring migrations either returned to downriver locations or exited the system 
before the fall migration occurred, and all spring and fall-run ATS exhibited a single 1-
step migration. Due to the presence of separate spring and fall-run populations of ATS in 
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the Savannah River, further genetic analyses are necessary to determine if these 
populations are indeed distinct.  
 We observed spring-run SNS in the Savannah River exhibit a long, one-step 
migration between roughly 160-270 km in length to access putative spawning grounds. 
At higher latitudes, SNS in the Merrimack and Delaware rivers must only attempt a short 
(< 30 km), single step migration in order to reach suitable spawning habitat (Kieffer and 
Kynard 1993, O’Herron et al. 1993). Some individuals in the Connecticut River exhibit a 
2-step migration in which a primary movement takes place in the late fall (Buckley and 
Kynard 1985). Individuals remain at these locations, closer to spawning sites, in 
preparation for the spawning event occurring the following spring. We did not observe 
any two-step migrants in the Savannah River, only long single-step migrations, which is 
consistent with historical documentation (Hall et al. 1991). 
 Rivers and their biota rely on a natural flow regime of floods and pulses (Junk et 
al. 1989). Dams and the associated hydrological alterations remove these naturally 
occurring processes, alter water temperatures, and modify the timing and intensity of 
hydrologic events downstream (Olden and Naiman 2010). The effect of dams on water 
temperature is variable and depends mainly on the mode of operation and mechanism of 
water release (McManamay 2014). River water temperature can either be directly 
impacted by dam release of water different in temperature than what is naturally 
occurring in the river (e.g. epi- vs. hypolimnetic release), or it can be indirectly impacted 
by the associated alterations in hydrology, which influence the processes controlling 
distribution and retention of heat within the river channel. Research suggests dams 
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homogenize flow across hydroclimatic regions (Poff et al. 2007), reduce flood peaks, 
increase minimum flows, alter the timing of peak and low flows (Magilligan and Nislow 
2001, 2005; Maingi and Marsh 2002; Nislow et al. 2002; Pyron and Neumann 2008; 
Fitzhugh and Vogel 2010). Hydroelectric facilities produce a variety of flow pulses 
(Young et al. 2011), and all of which effect the naturally occurring biota downriver. 
 Depending on the species and index of spawning, both water temperature and 
river discharge were important cues for imperiled sturgeons in the Savannah River. We 
also identified key times and locations of putative sturgeon aggregations. Thoughtful 
management of river flows during these times could help to ensure quality reproductive 
conditions for these endangered fishes. 
 A better understanding of the temperature and flow conditions that initiate and 
promote upriver movement by sturgeons will continue to aid in conserving these species. 
Primarily utilizing water temperature to predict timing of spring and fall-run sturgeon 
migrations in the Savannah River, managers of fishes and flows can work together to 
ensure the needs of humans and aquatic organisms are met. Increased numbers of adult 
fish that gain access to spawning habitat, as well as water temperature and discharge 
conditions favorable for hatching and survival of eggs, will improve recruitment of 
sturgeons in the Savannah River and contribute to population restoration. We encourage 
comparable research in natural and impounded river systems containing sturgeon, as to 
parse out the relative effects of hydrological variability on these imperiled fishes.  
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CHAPTER TWO 
Using side-scan sonar and N-mixture modeling to estimate Atlantic Sturgeon 
spawning migration abundance 
 
INTRODUCTION 
 Diadromous fishes are susceptible to numerous threats, including habitat 
fragmentation and alteration, exploitation, pollution, and climate change (Limburg and 
Waldman 2009).  As periodic life history strategists (high fecundity, slow generation 
time, and low juvenile survivorship), sturgeons (Actinopterygii: Acipenseridae) are 
particularly vulnerable (Musick 1999; Winemiller 2005), and have suffered extirpations 
in many rivers around the world (Birstein 1993; Billard and Lecointre 2000; Lenhardt et 
al. 2006). Atlantic Sturgeon, Acipenser oxyrinchus (ATS), historically inhabited rivers, 
estuaries, and marine environments along the Atlantic coast of North America from Saint 
John’s River in Florida, USA to the St. John River in Canada (Smith and Clugston 1997; 
Dadswell 2006). ATS are separated into five distinct population segments (DPS): Gulf of 
Maine, New York Bight, Chesapeake Bay, Carolina, and South Atlantic (Hilton et al. 
2016). The Gulf of Maine DPS is federally listed as threatened in the US, while the other 
four are listed as endangered. Because ATS populations from each DPS mix in near and 
offshore habitats outside spawning seasons, population monitoring efforts in every river 
system where spawning occurs is necessary to make appropriate management decisions 
for protection of ATS range-wide. 
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 Understanding the relationship between spawning stock size and population 
recruitment is essential for managing fish populations (Ricker 1954), and this requires 
routine standardized monitoring of spawning run size and juvenile abundance. Sturgeon 
spawning run sizes have been estimated in a few rivers (Auer and Baker 2007; Peterson 
et al. 2008; Kahn et al. 2014), but many rivers remain unassessed. Among those is the 
Savannah River, which forms the border between the states of Georgia and South 
Carolina, USA. The Savannah River is a highly modified system, containing five 
successive reservoirs and a highly industrialized harbor. Throughout their lifespan, ATS 
use the entire portion of the Savannah River between the estuary and the first barrier to 
fish movement – the New Savannah Bluff Lock and Dam (NSBLD), located 300 fluvial 
kilometers upstream of the estuary. Juvenile, sub-adult, and adult ATS in the system are 
primarily threatened by habitat degradation but are also susceptible to boat strikes and 
dredging operations in the Savannah Harbor. Savannah River ATS recruitment has been 
estimated (Bahr and Peterson 2016), and the addition of seasonal standardized sampling 
of spawner abundance will contribute to our knowledge of the ATS stock-recruitment 
relationship in the Savannah River.   
 In the past, abundance of spawning sturgeon have been estimated using traditional 
capture mark-recapture methods (Peterson et al. 2008; Kahn et al. 2014). This approach 
requires capture via gill nets which can be stressful on individuals, particularly during 
spawning runs and/or warm seasons (Baker et al. 2008). Capture mark-recapture 
approaches are also labor intensive and can become costly if large areas are to be 
sampled over long time periods. As an alternative, hydro-acoustic tools (e.g. dual 
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frequency identification sonar, DIDSON, and side scan sonar (SSS)) provide a non-
invasive alternative for enumerating sturgeon populations. Fisheries researchers typically 
use fixed location split-beam sonar (Thomas and Haas 2002; Auer and Baker 2007; 
Crossman et al. 2011) or mobile sonar (Flowers and Hightower 2013, 2015; Seesholtz et 
al. 2014; Hughes et al. 2018). Hydro-acoustic data can be recorded and processed in a lab 
setting, during which sturgeon can be enumerated and measured. Incorporation of hydro-
acoustic technologies for sturgeon abundance estimation can minimize cost and 
maximize efficiency of future population monitoring efforts. 
 Accounting for incomplete detection is crucial for estimating abundance of any 
organism (Kéry and Schmidt 2008). The detection process can be described as 
hierarchical, containing both ecological and observational processes, but this is rarely 
accounted for in abundance estimation models (Royle 2004). Binomial mixture, or N-
mixture models, are a form of hierarchical regression that are used to estimate both 
abundance and detection probability and are suggested as useful statistical methods to 
estimate single season metapopulations in ecological studies (Kéry and Schaub 2012). 
These models deal with data that are spatially and temporally replicated within a 
relatively short time period, during which, population closure is assumed. Coupling N-
mixture modeling with data obtained from SSS recordings, we can estimate sturgeon 
abundance as well as detection probability, routinely, efficiently and non-invasively.  
 In this study, we sought to utilize side-scan sonar (SSS) and an N-mixture 
modeling approach to (1) estimate the number of fall-run ATS in the Savannah River 
located at putative spawning areas during the extent of the spawning season, and (2) 
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identify the covariates significant in predicting ATS detection and abundance. Our study 
is unique in that we attempt to estimate number of adults contributing to spawning, not 
just abundance of all individuals in the system. This approach is important, as ATS are 
periodic spawners and may be present in the lower portions of the Savannah River but 
not necessarily contribute to spawning each season. 
METHODS 
Study Area 
 The New Savannah Bluff Lock and Dam (NSBLD), located at river kilometer 
(rkm) 301, serves as the first barrier for Atlantic Sturgeon (ATS) migrations in the 
Savannah River. Putative spawning habitat is located just below the NSBLD within the 
uppermost portion of the river (Figure 2.1). We focused our sampling effort for ATS in 
uppermost 20 km portion of the river (rkm 281 – rkm 301). We used acoustic telemetry 
to base our decision to focus sampling efforts in the uppermost 20 km of the river, which 
suggests that when ATS attempt spawning migrations, they typically traverse the entire 
length of the river to the first barrier at the NSBLD (Vine et al., unpublished, W. Post, 
personal communication). Existing literature for the Savannah River suggests Shortnose 
Sturgeon (Acipenser brevirostrum, SNS) spawning may occur anywhere between rkm 
113 and the rkm 283 (Collins et al. 1993, Hall et al. 1991). However, telemetry evidence 
suggests SNS do not use the sampled portion of the river during the months in which we 
sampled (Vine et al. unpublished), as they are only present in upriver locations between 
December – May. Therefore, we are confident any sturgeons detected were indeed ATS. 
Our sampling area contained a variety of microhabitats including hard substrates such as 
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gravel bars, rocks, rip rap, root balls, and bedrock presumed to serve as suitable spawning 
substrate (Smith 1985; Smith and Clugston 1997; Collins et al. 2000c).  
 
Figure 2.1. Map of lower 301 rkm in the Savannah River (left), zoomed into uppermost 
undammed portion of the Savannah River (rkm 281-301). We designated nine, 2 km sites 
and sampled two passes over 50 occasions 
Field Sampling 
 We sampled nine consecutive sites throughout the presumed spawning habitat on 
50 occasions from August – November 2017. Each site was approximately 2 km in length 
(sensu Flowers and Hightower 2013). Each occasion amounted to sampling all nine sites 
twice consecutively (2 passes) in a single day. In our first 17 occasions, each pass was 
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sampled only in the downstream direction. In occasions 18-50, the first pass was sampled 
in the downstream direction, and the second pass was sampled in the upstream direction. 
Boat speed remained between 5.6-9.6 km/h for the duration of the sampling period.  
 We used the Hummingbird Helix 12 CHIRP-Mega-SI-GPS-G2N mounted to a 
stock transducer for sonar recording. We chose this unit based on the habitat located 
within the uppermost portion of the Savannah River. We sampled portions of the 
Savannah River too shallow to be safely scanned with tow-behind SSS units, and many 
areas, although somewhat deeper, contained high amounts of snags in the form of cypress 
roots/root balls, downed trees, and rocks. Water depth also rarely exceeded 10 m, so the 
Humminbird SSS unit was able to efficiently and effectively produce quality recordings.  
 During sonar recording we set ping rate to automatic, per recommendation of the 
Humminbird SSS manual. This produced faster ping rates and higher quality recordings 
than if manually set to the lowest ping. We recorded data onto a 16-GB SD card and 
transferred to an external hard drive each day. Sonar frequency remained at 1.2 mHz for 
the entire sampling duration. We set the SSS to scan 30.5 m on either side of the vessel 
during data collection. This sampling width was chosen to sample a majority of the river 
area to either side of the boat. The driver of the vessel attempted to stay on the same path 
during every pass and occasion and was directed to stay in or as close to the river channel 
as possible.  
Sonar File Analysis 
 We imported SSS files into SonarTRX Pro v17.1 software and analyzed visually 
for ATS detection. Objects considered to be sturgeon (based on shape, size, and cross-
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referenced comparisons to other occasions) in each recording were enumerated. 
Examination of available run estimate data obtained via gillnets (25.4 cm – 45.7 cm 
stretch mesh) in the southeastern US suggests Atlantic Sturgeon total lengths of at least 
1.2 meters (Collins et al. 2000, Ingram and Peterson 2016, Kahn et al. 2014, Peterson et 
al. 2008), therefore only fish measured to be greater than or equal to this length were 
considered Atlantic Sturgeon. We also observed shadows created by marks in the sonar 
and looked for determining features of ATS (i.e. heterocercal tail, dorsal fin), but when 
estimating length for each sturgeon, we measured the actual mark created by the sonar, 
and not the shadow produced by the mark (Flowers and Hightower 2013, 2015). We were 
very conservative while enumerating sturgeon detections, and only counted individuals 
that we are 100% confident to be sturgeon.  
Statistical Methods 
 We used N-mixture modeling to estimate Atlantic Sturgeon (ATS) spawner 
abundance and determine covariates significant in ATS detection and abundance. N-
mixture models are hierarchical regression models composed of an ecological process to 
characterize spatiotemporal variation in abundance and an observation process that links 
the true latent state (i.e., abundance) to observed data by accounting for imperfect 
detection (Royle 2004). In our application, the ecological process modelled variation in 
ATS abundance over space (i.e., sites) and time (i.e., occasions) using a zero-inflated 
Poisson model with covariates, and the observation process quantified our ability to 
detect ATS when present, using a binomial model. 
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 The ecological process was modelled based on the premise that ATS abundance 
varies by site and occasion, and this variation can be partly explained by spatial and 
temporal covariates. True but imperfectly observed abundance at site i and occasion t 
(Ni,t) was modelled to follow a zero-inflated Poisson distribution due to the prevalence of 
zero (68% of observations)  in the data: 
 Qi,t ~ Bernoulli (Ωi) [eq. 1] 
 log (λi,t) = α0 + α1 * temperaturet + α2 * discharget+ α3 * depthi + εt  [eq. 2] 
 Ni,t ~ Poisson (Qi,t * λi,t) , [eq. 3] 
where Qi,t is a binary variable which takes on a value of 1 (suitable spawning habitat) and 
0 (unsuitable spawning habitat) for site i and occasion t, based on a Bernoulli probability 
Ωi (eq. 1). This probability is indexed by site i because ATS abundance was spatially 
aggregated with some sites recording a higher frequency of zeros than others. Abundance 
for for site i and occasion t (λi,t) was modelled as a linear function with an intercept (α0), 
three covariates with corresponding slopes (α1, α2, α3) and a random time effect with εt ~ 
Normal (0, σ2) (eq. 2). 
 Covariates tested were minimum water temperature (°C) on occasion t, maximum 
discharge (cubic feet per second, cfs.) on occasion t, and site average maximum depth 
(m) at site i (Table 2.1). Water temperature data was obtained from a temperature logger 
maintained by Phinizy Swamp Nature Center, and river discharge data was obtained from 
USGS station 02197000 (Figure 1). To calculate site average maximum depth, we 
exported maximum depth measurements from sonar recordings in SonarTRX on the 
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occasion in which the highest discharge rates occurred and averaged across each site. We 
log10 transformed maximum discharge, and then scaled and centered all covariates to 
mean=0 and standard deviation =1. Finally, ATS abundance at site i and occasion t was 
modelled as a product of Qi,t and λi,t (eq. 3]), indicating that abundance will follow a 
Poisson distribution only if Qi,t = 1 (i.e., suitable spawning habitat). Daily ATS 
abundance in the entire study area (i.e., spawning abundance) was estimated by summing 
local abundance across nine sites on each occasion (i.e., Ni,t). 
Table 2.1. Covariates used in N-mixture models with number of observations (N), mean, 
standard deviation (SD), and range. Temperature, discharge, and depth represent 
minimum daily temperature, maximum daily discharge, and site average maximum 
depth, respectively. Temperature and discharge varied temporally for each occasion, 
while we considered site average maximum depth as constant for each site. 
Covariate Level Units N Mean SD Min. Max. 
Temperature Occ. °C 50 24.1 2.08 19.7 27.2 
Discharge Occ. Cubic feet per second (cfs) 50 4695 557.34 4270 6890 
Depth Site Meters 9 3.78 0.43 3.1 4.1 
 
 We considered more complex structures in the ecological model but settled on the 
model described above. First, we included random site and site × occasion (i.e., over-
dispersion) effects, in lieu of or in addition to the random occasion effect (eq. 2). 
Although models with additional random effects appeared to converge based on r-hat 
values (Gelman and Hill 2007), abundance estimates were excessively high with 
excessively small detection probabilities, which are characteristic symptoms of parameter 
unidentifiability when the N-mixture model uses negative binomial or over-dispersed 
Poisson distributions (Kéry 2018). Second, because over 50 occasions (days) of sampling 
took place for a relatively short amount of period (4 months), ATS abundance at each site 
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was potentially dependent on the previous site abundance (i.e., temporal auto-
correlation). However, we did not detect signs that residuals of abundance estimates were 
temporally auto-correlated based on the Breusch-Godfrey test (LM test = 3.66, df = 1, p-
value = 0.06). 
 Because not all ATS individuals were detected with sonar technology, the 
observation model was specified such that a subset of ATS individuals that were present 
were recorded on any site i and occasion t based on a binomial process: 
 yi,t ~ Binomial (Ni,t, pt) [eq. 4] 
 logit (pt) = β0 + γt [eq. 5] 
where yi,t was the observed number of ATS (i.e., data) at site i and occasion t, and pt was 
the detection probability of ATS which varied by occasion. The detection probability was 
modeled as a random effect with mean = β0 and γt ~ Normal (0, δ2) on the logit scale. We 
assessed if detection probability differed by pass direction (i.e., upstream vs downstream) 
by letting β0 vary by direction in preliminary analyses and confirmed that detection 
probability did not differ significantly between the upstream direction (posterior mean = 
0.27; 95% CI = 0.18-0.37) and downstream direction (posterior mean = 0.30; 95% CI = 
0.05-0.40), based on the overlapping 95% CI values between the two. Thus, pass 
direction was removed in the observation model. We also included maximum discharge 
as a detection covariate due to the possibility of differences in ATS behavior during high 
discharge conditions. We did not expect that river depth would influence detection 
probability given the range capability of the Hummingbird Helix 12 CHIRP-Mega-SI-
GPS-G2N side scan sonar unit relative to width and depth of the study area. 
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 Models were fit in a Bayesian framework using the jagsUI package in R statistical 
sofware. We used Deviance Information Criteria (DIC) to aid in model selection. Model 
fit was assessed visually by plotting predicted versus observed ATS count across 
samples. Predicted count for site i and occasion t was derived as a binomial product (Ni,t 
× pt : eq. 4). Pearson correlation was used to assess the association between predicted and 
observed count. 
RESULTS 
 We detected ATS on each sampling occasion and observed 803 total detections 
throughout the duration of the study period (Figure 2.2). SSS sampling on each occasion 
took approximately 6-7 hours, and the time between passes on each site was typically 
between 1-3 hours. Throughout the duration of the study period maximum discharge 
ranged between 4,270-6,890 cfs and minimum water temperature ranged between 19.7-
27.2°C. Average max depth at each site was between 3.1-4.1 m (Table 1.1). Site four 
contained the greatest number of detections (n=505). The peak number of 50 ATS 
detections occurred on September 8, 2018 at 25°C and discharge at 4,410 cfs. All 
sampling occasions containing 30 or more ATS detections occurred at minimum 
temperatures between 25-26°C and maximum discharge between 4,250-5,250 cfs. 
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Figure 2.2. Atlantic Sturgeon raw detections for two passes on each occasion over the 
duration of the study period. We detected at least one ATS on every sampling occasion. 
Maximum number of detections (n=44) occurred on 9/29, and minimum number of 
detections (n=4) occurred on 8/30, 9/15, and 11/7. 
 Our global model contained minimum water temperature, average maximum 
depth, and maximum discharge as covariates affecting abundance and maximum 
discharge as a covariate affecting detection (Table 2.2). The global model produced the 
highest DIC value (2145.46) and had convergence issues (r-hat > 1.1). Minimum 
temperature and maximum discharge were not significant predictors of ATS abundance. 
They were removed as covariates and model DIC improved. Our final model contained 
maximum discharge as a covariate affecting detection of ATS, and site average 
maximum depth as a covariate affecting ATS abundance (Table 2.2). ATS abundance 
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estimates for each occasion, represented by model posterior means and 95% CIs, are 
presented in Figure 2.3. Breusch-Godfrey test revealed autocorrelation did not exist in 
ATS abundance data (LM test = 3.66, df = 1, p-value = 0.06). We observed our largest 
abundance estimate (95% CI = 35-55) on September 29, 2018, during which minimum 
temperature and maximum discharge were 26°C and 4,280 cfs, respectively. Lowest 
abundance estimates (95% CI = 5-24) occurred on our final two sampling occasions 
(November 7 and 9, 2017) at minimum temperatures between 15.2-23.8°C and maximum 
discharge between 4280-4690 cfs. 
Table 2.2. N-mixture model parameter estimates. Results include our global model with 
all covariates as well as reduced models after removing covariates that were not 
significant predictors of ATS abundance (A) or detection (D). We used DIC to choose 
best model and found site average maximum depth was a significant predictor of ATS 
abundance, and discharge significantly affected ATS detection using side scan sonar as a 
sampling gear. 
Model DIC Covariate Estimate SD Lower Upper 
2097.33 Depth (A) 0.79 0.06 0.67 0.91 
 Discharge (D) -0.49 0.08 -0.65 -0.35 
2133.18 Discharge (A) 0.32 0.24 -0.12 0.81 
 Depth (A) 0.79 0.06 0.66 0.91 
 Discharge (D) -0.85 0.28 -1.39 -0.33 
2145.46 Temperature (A) 0 0.05 -0.09 0.1 
 Discharge (A) 0.32 0.23 -0.12 0.76 
 Depth (A) 0.79 0.06 0.67 0.91 
  Discharge (D) -0.86 0.27 -1.35 -0.33 
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Figure 2.3. Model posterior mean (abundance) estimates with 95% CI plotted over time. 
 Our final model predicts the probability of detecting ATS using SSS in the 
Savannah River is 0.35 (95% CI = 0.29-0.42). Although our model appeared to fit our 
observed values (Pearson correlation = 0.80, p-value < 0. 001), evaluation of observed vs. 
model predicted values reveals our model underestimated abundance for occasions when 
a high number of ATS were detected (Figure 2.4). 
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Figure 2.4. Model predicted counts plotted against observed counts for each occasion (2 
passes). Estimates are conservative because under-predictions occurred during occasions 
with high observed counts. The dashed line represents a 1:1model predicted vs observed 
detections line. 
DISCUSSION 
 We used side-scan sonar (SSS) and N-mixture modeling to estimate Atlantic 
Sturgeon (ATS) spawner abundance and determine covariates significant in abundance 
and detection of ATS in the Savannah River. Our methods are novel in that we were able 
to produce a range of abundance estimates for each sampling occasion over time. 
Previous studies using sonar to estimate sturgeon abundance focus on enumerating all 
individuals within the system (Flowers and Hightower 2015; Hughes et al. 2018), while 
our methods are meant to estimate only adults contributing to spawning. We repeatedly 
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sampled putative spawning grounds on each occasion over the entire fall run to identify 
key times in which spawner abundance increased. Future monitoring efforts using our 
methods will further reveal the effects of environmental covariates on ATS spawner 
abundance and detection using SSS as a sampling gear, as well as provide insight towards 
ATS reproductive activity in the Savannah River. 
 Site average max depth significantly affected ATS abundance; most detections 
occurred in deeper sites. However, improved habitat metrics (i.e. habitat classifications) 
should be investigated to further explain ATS habitat utilization near putative spawning 
grounds. High ATS counts in deeper portions of the river below putative spawning 
grounds may be representative of male aggregations awaiting the arrival of ripe females. 
It is hypothesized that in the James River, Virginia, males aggregate between 2-10 km 
below spawning habitat for similar reasons (Hilton et al. 2016). These deep areas may 
provide cooler water conditions and appear to contain higher amounts of large, hard 
objects (i.e. cypress stumps, large woody debris, rip rap). These structures could provide 
flow variation and create eddies, which can lessen energy consumption while waiting for 
the arrival of females and suitable spawning conditions. Research suggests ATS in the 
South Atlantic and Carolina distinct population segments (DPS) use rocks, rubble, and 
limestone for spawning (Smith 1985; Collins et al. 2000c). The putative spawning 
location for ATS in the Savannah River is between 9-10 m deep and contains both large 
rip rap near the bank and a rocky-cobble sandbar. Although we have no evidence of 
spawning (i.e. eggs, larval fish), ATS clearly used deeper portions of the upper Savannah 
River whether for spawning or as refuge awaiting female arrival. 
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 Discharge had a significant negative effect on ATS detection using SSS as a 
sampling gear. Dam release in mid-September increased discharge and limited our ability 
to detect ATS with SSS. High discharge conditions may cause ATS to seek shelter in 
locations near the river bottom or close to large structures in the river, therefore making 
them more difficult to detect using SSS. Also, boat speed inevitably increases while 
sampling in the downstream direction in high discharge conditions, which may also 
increase our chances of missing ATS detections. Furthermore, when sampling in the 
upstream direction during high discharge conditions, the SSS recordings were not as clear 
(i.e. propeller wash), which could limit our ability to distinguish ATS from other objects 
in sonar recordings. During the summer and fall months discharge can be highly variable, 
not only due to high precipitation, but also to dam release for hydropower and flood 
control. Hurricanes may play a role in detecting ATS in rivers where hurricane mitigation 
release occurs. Although high precipitation and discharge events occur and are naturally 
uncontrollable, understanding the effects of discharge on SSS as a sampling gear can 
reveal times when sampling will be most appropriate and effective. 
 We present abundance estimates for each occasion as observations of a single-
season ATS fall population attempting migration up the Savannah River between August 
– November 2017. Spring ATS migrations also occur in the Savannah River (Vine et al., 
unpublished), but we are currently unaware if they incorporate individuals from 
genetically distinct sub-populations. There is evidence of genetically distinct populations 
of spring and fall migrating ATS in the Edisto (SC) and James (VA) rivers (Balazik et al. 
2017; Farrae et al. 2017). In future abundance estimates it is crucial to include ATS in 
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both seasons, as to not miss portions of the true ATS spawning population. Continued 
sampling efforts will increase our understanding of the true spawning stock, as well as 
the effects associated with environmental covariates on spawner abundance and detection 
each season and year. 
 Estimation of run size, year-1 recruitment, and the environmental factors 
associated with their variation are vital to understanding the stock-recruitment 
relationship of ATS in the South Atlantic DPS. Adult ATS spring-run estimates via 
capture mark recapture methods in the nearby Altamaha River, Georgia were reported in 
2004 (mean = 324, 95% CI = 143 – 667) and 2005 (mean = 386, 95% CI = 216 – 787) 
(Peterson et al. 2008), and year-1 estimates for that time are reported as 483 (95% CI = 
368 – 643) and 1,345 (95% CI = 1,077 – 1,697), respectively (Schueller and Peterson 
2010). The Altamaha River is recognized as containing the most abundant ATS 
populations in the South Atlantic DPS, while the Savannah River is considered to have 
the second largest population (Schueller and Peterson 2010). Year-1 ATS estimates in the 
Savannah River between 2013-2015 obtained via gillnets and capture mark-recapture 
methods range from 402-852 (Bahr and Peterson 2016). No adult run estimates are 
available in the Savannah River during that time. Our models suggest a maximum 
abundance between 35-76 ATS in the uppermost portion of the Savannah River in fall 
2017. Our ATS spawner estimates are much lower than adult run estimates in the 
Altamaha River, although our data represents only the fall migrating portion of the 
spawner population in the Savannah River located within the vicinity of putative 
spawning grounds. Our methods did not attempt to estimate the entire number of 
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individuals in the Savannah River. We are not aware of any other studies particularly 
interested in estimating the number of individuals contributing to spawning. 
Implementation of both capture mark-recapture techniques for recruitment estimation of 
juveniles paired with SSS sampling methods for adult spawner abundance estimation will 
greatly contribute to our understanding of the ATS stock-recruitment relationship in the 
Savannah River, as well as increase our understanding of the environmental factors 
significant in predicting variation in spawner abundance and recruitment in the South 
Atlantic DPS annually. 
MANAGEMENT IMPLICATIONS 
 Benefits of using side scan sonar (SSS) to estimate Atlantic Sturgeon (ATS) 
spawner abundance are evident. Our sampling method was non-invasive, as to not stress 
individuals already having attempted long migrations in near summer-high water 
temperatures. ATS attempting migrations can be sensitive to handling under reproductive 
conditions, and as managers, we must minimize handling procedures that may stress 
individuals or interrupt spawning. Furthermore, SSS equipment used in this study was 
inexpensive and required minimal labor compared to traditional capture mark-recapture 
methods. Although sonar file analysis can be time consuming, sonar recordings can be 
stored, catalogued, and reviewed by multiple observers in a laboratory setting to ensure 
accurate counts. Also, sonar recordings not only contain abundance information, but can 
be georeferenced and further analyzed for habitat information. There are clearly many 
benefits to using SSS as a sampling gear for sturgeon abundance estimation, and there is 
still much to learn about integrating these sampling practices in rivers. 
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 Pairing SSS sampling with N-mixture modeling proved to be a useful approach to 
estimate ATS spawner abundance in the Savannah River. It is possible our estimates 
represent only larger individuals in the population due to our 1.2 m cutoff for ATS 
detections. ATS length estimates obtained from DIDSON multi-beam sonar recordings 
were underestimated, possibly due to difficulty in detecting the snout and the long dorsal 
lobe at the end of the heterocercal tail (Hightower et al. 2013). It is also very important to 
consider this a single-season metapopulation estimate. Spawning periodicity for ATS is 
between 1-5 years, so to produce realistic spawner estimates using our sampling 
approach, one must continue fall and spring seasonal sampling annually. Future efforts 
should also include egg and larval fish sampling techniques (i.e. D-nets, egg mats, 
ichthyoplankton trawls) to confirm spawning has occurred in sampling area.  
 We plan to use this pilot protocol as a framework to estimate ATS spawning stock 
in the Savannah River. Using our methods, alongside other similar sampling approaches 
(Flowers and Hightower 2013, 2015; Hughes et al. 2018), will provide a foundation for 
the future of ATS abundance estimation range wide. Accurate spawner abundance 
estimation paired with year-1 abundance estimates will greatly increase or understanding 
of the stock-recruitment relationship of ATS. We urge similar sampling approaches in all 
river systems containing sturgeon populations, as each will encompass specific sampling 
challenges and detection probability in each system will potentially vary.  
 When designing SSS sampling procedures, one must account for assumptions 
associated with N-mixture models; primarily the assumption of population closure 
between sampling passes. Proper sampling design is essential for accurate estimation of 
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detection probability and abundance. When using only one sampling gear, it is necessary 
to make at least two passes at each designated site within a narrow time period, as this 
will provide the best possible data to estimate detection probability using SSS in each 
river system. If the sampling design is flawed (i.e. individuals movement out of sites 
between passes), one may risk inappropriately estimating higher abundance due to a 
miscalculated probability of detection. 
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GENERAL CONCLUSIONS 
 Our predictive models suggest ATS and SNS spawning migrations in the 
Savannah River were primarily affected by variation in water temperature and 
secondarily by river discharge. We observed SNS attempt migrations only in spring, 
while ATS attempted migrations in both spring and fall. We urge future research on 
sturgeon populations the Savannah River to include lagged effects of environmental 
covariates, as well as lunar phase covariates. Also, further genetic investigation of ATS 
populations in the Savannah River is of utmost importance due to the possibility of 
genetically distinct spring and fall metapopulations, which are already known to occur in 
the nearby Edisto River, SC, as well as the James River, VA (Balazik et al. 2017; Farrae 
et al. 2017).   
 We estimated the number of ATS located on putative spawning grounds in the 
Savannah River using side scan sonar and N-mixture modeling. Our models revealed the 
highest abundance estimates occurred in late September 2017, with an estimate between 
35 and 55 individuals. We estimated the probability of detecting ATS using side scan 
sonar anywhere between 0.29-0.42. Abundance estimates represent only a single fall 
season ATS spawning run. Due to spawning periodicity of ATS, continued yearly 
sampling is necessary to accurately estimate true ATS abundance. Sampling must also 
occur in spring and fall, as telemetry evidence suggests ATS are present on putative 
spawning habitat during both seasons. Future ATS abundance monitoring should also 
incorporate standardized egg and larval fish sampling to ensure successful spawning 
occurred.  
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 By integrating statistical approaches similar to those used in our research, fishery 
managers can predict when sturgeon will attempt migrations towards suitable spawning 
grounds, as well as estimate number of individuals contributing to recruitment each year. 
Quantitative understanding of environmental factors significant in predicting spawning 
migrations will inform managers of critical times when sampling gears such as side scan 
sonar will be most efficient and effective in estimating sturgeon abundance on putative 
spawning habitat. Our modeling and sampling protocols can be applied to all rivers 
containing sturgeon populations, and we urge fisheries professionals to implement similar 
sampling and statistical approaches wherever ecologically and economically feasible. 
This will contribute to our overall understanding of sturgeon abundance and reproductive 
behavior, as sturgeon populations and reproductive activity are highly variable between 
and among species throughout their range. 
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